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Previous work has demonstrated that the character
of mouse cortical interneuron subtypes can be di-
rectly related to their embryonic temporal and spatial
origins. The relationship between embryonic origin
and the character of mature interneurons is likely re-
flected by the developmental expression of genes
that direct cell fate. However, a thorough under-
standing of the early genetic events that specify sub-
type identity has been hampered by the perinatal
lethality resulting from the loss of genes implicated
in the determination of cortical interneurons. Here,
we employ a conditional loss-of-function approach
to demonstrate that the transcription factor Nkx2-1
is required for the proper specification of specific in-
terneuron subtypes. Removal of this gene at distinct
neurogenic time points results in a switch in the sub-
types of neurons observed at more mature ages. Our
strategy reveals a causal link between the embryonic
genetic specification by Nkx2-1 in progenitors and
the functional attributes of their neuronal progeny in
the mature nervous system.
INTRODUCTION
Genetic studies have indicated that in response to extrinsic sig-
nals (predominantly Shh and FGF8) the subpallium gives rise to
a wide diversity of GABAergic neurons—both striatal projection
and cortical interneurons (Gutin et al., 2006; Kohtz et al., 1998;
Rallu et al., 2002; Shimamura and Rubenstein, 1997; Storm
et al., 2006). These populations arise primarily from the three ven-
trally situated ganglionic eminences: the lateral, medial, and cau-
dal ganglionic eminences (the LGE, MGE, and CGE, respec-
tively). Transplantation and genetic in vivo fate mapping (Butt
et al., 2005; Miyoshi et al., 2007; Nery et al., 2002; Xu et al.,
2004; Wichterle et al., 2001) have indicated that a wide variety
of telencephalic structures receive distinct populations of neu-
rons from each of these eminences. While the range of neurons
arising from each eminence is quite diverse, the MGE and CGE
together give rise to the majority, if not all, cortical interneurons.722 Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc.Beginning with the classic studies of Ramon y Cajal, a large
body of work from numerous groups has indicated that cortical
interneurons comprise a diverse array of subtypes defined on
the basis of a number of immunohistochemical, morphological,
and electrophysiological criteria (Gonchar and Burkhalter, 1997;
Kawaguchi and Kubota, 1997; Markram et al., 2004; Somogyi
et al., 1998). Recent in vitro and in vivo studies have indicated
that the MGE and CGE give rise to distinct nonoverlapping pop-
ulations of cortical interneurons (Butt et al., 2005; Xu et al.,
2004). The MGE produces the majority of cortical interneurons,
and these contribute to all cortical layers. By contrast, CGE-de-
rived cortical interneurons primarily reside in superficial cortical
layers. Current analysis from numerous labs demonstrates that
the parvalbumin (PV)- and somatostatin (SST)-expressing sub-
types are MGE derived, and the vasoactive intestinal peptide
(VIP) and calretinin (CR)-expressing populations are predomi-
nantly generated within the CGE (Butt et al., 2005; Cobos
et al., 2006; Nery et al., 2003; Xu et al., 2004). Consistent with
these immunohistochemical findings, morphological and physi-
ological analyses suggest that the PV-expressing fast-spiking
(FS) basket and chandelier interneurons and SST-expressing in-
trinsic burst spiking (IB) and non-fast-spiking (NFS) Martinotti
neurons arise from the MGE (Butt et al., 2005; Miyoshi et al.,
2007). By contrast, the VIP/CR-expressing adapting firing inter-
neurons appear to be CGE derived (Butt et al., 2005).
What then is the molecular mechanism utilized within these
two eminences to give rise to distinct populations of cortical in-
terneurons? At present, Nkx2-1 is the only known transcription
factor that with reasonable precision delineates MGE from
CGE progenitors. It is expressed by all progenitors within the
MGE and is entirely excluded from the CGE (Butt et al., 2005;
Sussel et al., 1999). Moreover, Nkx genes and their homologs
are known regulators of neuronal cell fate. Both the ventral ner-
vous system defective (vnd) gene in Drosophila and the Nkx2-
2, Nkx6-1, and Nkx6-2 genes in the mouse spinal cord act to di-
rect progenitors to adopt specific ventral neural identities while
repressing the fates of neighboring regions (Briscoe et al.,
1999; Chu et al., 1998; McDonald et al., 1998; Sander et al.,
2000; Weiss et al., 1998). Consistent with this, previous loss-
of-function analysis has indicated that in Nkx2-1 null mutants
the MGE takes on the molecular character of the LGE (Sussel
et al., 1999). Unfortunately, asNkx2-1/mice die at birth the im-
pact of this gene on the generation of the interneuron diversity
Neuron
Temporal Specification of Cortical InterneuronsFigure 1. Temporally Regulated Genetic Fate Mapping and Nkx2-1
Loss-of-Function in Olig2CreER Precursors
(A) The genetic strategy for examining Nkx2-1 conditional loss of function while
simultaneously fate mapping MGE-derived precursors. This is achieved by
combining the Olig2CreER driver with a floxed Nkx2-1 (Nkx2-1C) allele for con-
ditional loss of function and the Z/EG reporter line for genetic fate-mapping
purposes. Expression from the Z/EG reporter line is directed from the CAG, hy-
brid promoter and contains a polyadenylation signal (pA).
(B) The Olig2 locus directs the expression of the inducible form of the Cre re-
combinase (CreER) in Nkx2-1C/+ control and Nkx2-1C/- conditionally mutant
embryos in a pattern identical to the endogenous Olig2 transcript.
(C) Administration of tamoxifen (4 mg) at E10.5 and concomitant activation of
Cre activity results in the complete loss of Nkx2-1 from the MGE at E12.5 in
Nkx2-1C/ conditionally mutant embryos and in the permanent labeling with
EGFP of MGE-derived cells as they exit the ventricular zone of Nkx2-1C/+ con-
trol and Nkx2-1C/ conditionally mutant embryos. Lhx6, whose expression is
directly activated by Nkx2-1 (Du et al., 2008) provides a convenient postmitotic
marker for MGE-derived interneuron populations, is downregulated as a con-
sequence of the loss of Nkx2-1.observed in the mature cortex (Markram et al., 2004; Miyoshi
et al., 2007) is unclear.
In this manuscript, we utilize a conditionally null Nkx2-1
(Nkx2-1c) (Kusakabe et al., 2006) allele to investigate the conse-
quences of removal of Nkx2-1 gene function on the specification
of cortical interneuron subtypes. We have previously determined
the temporal origins of cortical interneurons arising from the
MGE using an inducible genetic fate-mapping strategy using
the Olig2 CreERTM driver line (Miyoshi et al., 2007). By performing
a similar analysis in the context of the conditional Nkx2-1 allele,
wewere able to study how the removal ofNkx2-1 affects the neu-
ronal subtypes that developmentally arise from the MGE. An at-
tractive aspect of this analysis is that our strategy allowed us to
simultaneously remove Nkx2-1 gene function while genetically
marking the MGE precursors with a fluorescent EGFP reporter,
so that their fate can be followed. We observed that both early
and late removal of Nkx2-1 dramatically alters the fate of MGE-
derived precursors in a temporally specific manner. At both
time points examined, we noted that cortical interneurons are re-
specified, such that they adopt the character of CGE-derived
neurons (Butt et al., 2005). Specifically, we observed that VIP/
CR, adapting firing interneurons, and late-spiking neurogliaform
interneurons are generated at the expense of PV-expressing,
fast-spiking basket neurons and SST-expressing, non-fast-spik-
ing Martinotti populations. In addition, removal of Nkx2-1 gene
function at E10.5 resulted in a substantial reduction in cortical in-
terneuron numbers and a concomitant increase in the produc-
tion of striatal medium spiny neurons (MSN). We conclude that
Nkx2-1 function is required throughout neurogenesis both for
the production of MGE-derived cortical interneuron subtypes
and the suppression of surrounding cell fate programs.
RESULTS
Genetic Fate Mapping of MGE-Derived Neurons
and Conditional Removal of Nkx2-1 Gene Function
To examine how the fate of MGE-derived progenitors is affected
by the loss ofNkx2-1 gene function, we used a genetic fate-map-
ping strategy together with an Nkx2-1 loxP-flanked conditional
loss-of-function allele (Figure 1A) (Kusakabe et al., 2006). Our
fate-mapping approach employed a tamoxifen-inducible form
of the Cre recombinase (Feil et al., 1997) under the control of
the endogenous Olig2 locus (Olig2 CreER; Takebayashi et al.,
2002) (Figures 1A and 1B). By using this Cre driver line in the con-
text of a compound Z/EG (a Cre-responsive fluorescent reporter
(Novak et al., 2000) ;Nkx2-1c/background, we were able to ge-
netically label MGE-derived precursors (as previously described
in Miyoshi et al., 2007), while simultaneously removing Nkx2-1
gene function from this MGE progenitor population (E10.5,
Figure 1C; E9.5 data not shown). Use of this experimental strat-
egy had a number of benefits. First, it allowed us to conditionally
removeNkx2-1 at specific time points during neurogenesis. Sec-
ond, wewere able to overcome the perinatal lethality observed in
the null mutant, as Cre under the control of the Olig2 locus is not
expressed within the developing lung and thyroid primordium.
Finally, as Z/EG recombination is restricted to temporally distinct
cohorts of MGE-derived precursors, we could readily assess the
cell-autonomous effects of gene removal on cellular phenotype.Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc. 723
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The Olig2CreER allele and Z/EG transgene were utilized for ge-
netic fate-mapping purposes in all experimental crosses—
thus, our experimental group was Olig2CreER;Z/EG;Nkx2-1c/
mice, while our control group was Olig2CreER;Z/EG;Nkx2-1c/+
(which are heterozygous for Nkx2-1 after tamoxifen-induced
recombination). Both groups of embryos were treated with
tamoxifen at specific time points between E9.5 and E12.5. For
clarity, we will subsequently refer to these mice with reference
to the time point of tamoxifen treatment (i.e., Nkx2-1E9.5LOF
Nkx2-1E10.5LOF, Nkx2-1E12.5LOF for the experimental [i.e., loss of
function, LOF] groups and Nkx2-1E9.5Ctrl, Nkx2-1E10.5Ctrl, or
Nkx2-1E12.5Ctrl for the control [Ctrl] groups). To confirm the de-
gree to which our strategy was effective in conditionally remov-
ing Nkx2-1 expression in E10.5 MGE progenitor populations, we
conducted short-term immunological and in situ hybridization
analyses of Nkx2-1 protein and its downstream transcriptional
targets (Figures 1C, 2A, and 2D). We observed that Cre-medi-
ated recombination occurs more efficiently at the Nkx2-1 locus
than at the Z/EG locus (see Figure 1C). Thus, we assume that ta-
moxifen-induced recombination at E10.5 results in the loss of
Nkx2-1 gene function in all cells that express EGFP. Additionally,
Nkx2-1 target genes, encoding both the signaling molecule
Sonic hedgehog (Shh) (Jeong et al., 2006) and the transcription
factor Lhx6 (Du et al., 2008), showed reduced punctate levels
of expression in the VZ and mantle. In both Nkx2-1E10.5LOF and
Nkx2-1E12.5LOF mice, Lhx7, a gene related to Lhx6 and associ-
ated with the production of eminence-derived cholinergic neu-
rons (Fragkouli et al., 2005; Marin et al., 2000; Zhao et al.,
2003), was also strongly reduced in expression. Despite these
changes, there was no discernible alteration in the gross mor-
phology or size of the MGE in these animals compared to control
littermates. This is in contrast to the pronounced reduction in the
size of the MGE observed in Nkx2-1/ animals (Sussel et al.,
1999). Taken together, these observations suggest that Cre ex-
pression from the Olig2 locus effectively recombines the Nkx2-1
conditional allele, allowing us to observe the cell-autonomous ef-
fects of Nkx2-1 in specifying cell identity.
A previous study reported that inNkx2-1 null micemarkers nor-
mally restricted to the LGE expand into the MGE (Sussel et al.,
1999). To evaluate how gene expression in the MGE is affected
in Nkx2-1E10.5LOF mice, we examined whether alterations occur
in the regional expressionof a series of transcription factorswithin
the subpallium. In comparison to Nkx2-1E10.5Ctrl littermates, mu-
tant mice exhibited a shift in the expression of markers that are
normally expressed in the CGE (Coup-TFII) as well as the ventric-
ular zoneof the sulcus regionbetween theMGEandLGE (Nkx6-2,
Gli1, and Coup-TFII). Expression of all three markers is strongly
expanded in Nkx2-1E10.5LOF mice, such that they extended ven-
tromedially throughout the VZ of the MGE (Figure 2C). In particu-
lar, the observed expansion ofGli1 expression seen in thesemu-
tants is surprising, as it occurs in the context of reduced Shh
expression. Although the expression ofGli1 is known to be abso-
lutely dependent on hedgehog signaling (Bai et al., 2004), the re-
lationship between temporal changes in hedgehog signaling and
Gli1 expression is complex (Harfe et al., 2004).
In addition, and consistent with what has been reported previ-
ously (Sussel et al., 1999), precursors leaving the MGE VZ of the724 Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc.Nkx2-1E10.5LOF mice upregulated Islet1—a LIM homeodomain
transcription factor normally associated with the LGE and the
generation of striatal projection neurons (Stenman et al., 2003;
Toresson et al., 2000; Wang and Liu, 2001). Importantly, the per-
sistence of early pan-ventral markers (Dlx2, Gad67; Figure 2B)
after Nkx2-1 removal suggests that GABAergic neurogenesis
was not grossly altered. It therefore appears that our strategy
of using Olig2 CreER to remove Nkx2-1 in a precise temporal
manner may not significantly alter the numbers of GABAergic
neurons generated from the ventral eminences per se. It does
however result in a shift in the expression of several ventral tran-
scription factors that might in turn have consequences on neuro-
nal subtype specification.
Early Removal of Nkx2-1 Results in Seizures
in Juvenile Mice
In contrast to Nkx2-1 null animals, conditionally mutant mice
were viable postnatally, irrespective of the time of tamoxifen ad-
ministration (Nkx2-1E9.5LOF until P10, Nkx2-1E10.5LOF mice until
P13–P17, and Nkx2-1E12.5LOF at least until P30), probably due
to sparing of the developing lung fields and thyroid (Kimura
et al., 1996). Despite their prolonged viability, many of these
mutant animals showed profound behavioral abnormalities as
juveniles. Nkx2-1E9.5LOF (Movie S1) and Nkx2-1E10.5LOF showed
pronounced spontaneous seizures. Alterations in behavior
were characterized by prolonged periods of quiescence, punc-
tuated by violent tremors and an absence or reduction in
voluntary movement. Electrocorticographic recordings were ob-
tained using subcranial electrodes from freely moving control
(Nkx2-1E10.5Cont) and mutant (Nkx2-1E10.5LOF) animals. Monitor-
ing of Nkx2-1E10.5LOF juvenile animals revealed that visible sei-
zures correlated with the occurrence of prolonged abnormal
bursting activity within the cortex (Figure 3B–3D). Control
Nkx2-1E10.5Ctrl littermates never exhibited such activity but rather
showed seemingly normal low-amplitude desynchronized EEG
activity (Figure 3A). On occasion, activity in Nkx2-19.5LOF or
Nkx2-1E10.5LOF animals resembled a myoclonic seizure with
a phase of periodic interictal discharges (Figure 3B) followed
by large-amplitude rhythmic spike (Figure 3C) and spike-wave
(Figure 3D) seizure discharge that terminated after a period of
30 s or more.Nkx2-1E10.5LOF showed a reduced incidence of sei-
zures when compared with Nkx2-19.5LOF animals. By contrast,
Nkx2-1E12.5LOF animals never exhibited overtly abnormal behav-
ior or synchronized bursting discharge in the EEG (Movie S2).
Post hoc marker and genetic fate-mapping analysis of
Nkx2-1E10.5LOF mice revealed that the occurrence of behavioral
abnormalities closely correlated with a reduction in the numbers
of cortical GABAergic interneurons (Figure 3F). In situ hybridiza-
tion analysis of either Nkx2-1E9.5LOF (data not shown) or Nkx2-
1E10.5LOF (Figure 3E) animals exhibited a gross deficit in total
Gad67 neurons (Figures 3E and 3F) and, more specifically,
MGE-derived cortical interneurons, as indicated by a pro-
nounced reduction in cortical Lhx6 expression (Figures 3E and
3F). We are uncertain as to the precise origin of the observed sei-
zures. However, the decrease in interneuron numbers may
cause the susceptibility of Nkx2-1E9.5LOF or Nkx2-1E10.5LOF
mice to seizures, a phenotype also observed in other mutants
that affect the number of GABAergic interneurons in the forebrain
Neuron
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at or prior to E10.5 had a significant effect on the numbers of
GABAergic interneurons present in the juvenile neocortex, re-
moval of Nkx2-1 at E12.5 resulted in only a minor decrease in
the total numbers of Gad67-positive cortical interneurons
(Figure 3F).
Conditional Loss of Nkx2-1 Alters Cortical Interneuron
Diversity
To evaluate the effect of Nkx2-1 removal on cortical interneuron
diversity, we performed immunohistochemistry for known
markers of interneuron subtypes in both control (Nkx2-1E10.5Ctrl
and Nkx2-1E12.5Contl) and conditional null (Nkx2-1E10.5LOF and
Nkx2-1E12.5LOF) animals with tamoxifen administration at E10.5
and E12.5. Consistent with their MGE origin (Miyoshi et al.,
2007), EGFP-expressing cells in Nkx2-1E10.5Ctrl and
Nkx2-1E12.5Ctrl mice predominantly colabeled with either PV or
SST (Figures 4B and 4C). By contrast, in Nkx2-1E10.5LOF and
Nkx2-1E12.5LOF mice, we observed numerous EGFP+ interneu-
rons expressing CR and VIP, which resembled CGE-derived
neurons (Figure 4A) (Butt et al., 2005; Xu et al., 2004)). Analysis
of the overall EGFP populations revealed a profound shift toward
CR- and VIP-expressing subtypes across all layers in
Nkx2-1E10.5LOF animals (Figure 4B). However, in Nkx2-1E12.5LOF
animals, the change was restricted to the more superficial (I–III)
layers, while deeper (IV–VI) layers were less affected
(Figure 4C). In order to ascertain that this shift was due to an ab-
solute increase in numbers and not a distortion of the small per-
centage of CR+ and VIP+ interneurons found in control animals,
we counted the total number of EGFP+, CR+, and VIP+ interneu-
rons per slice in all experimental conditions (Figure 4E). First, it
was evident that in control mice the overall number of EGFP in-
terneurons in both wild-type and mutant animals is increased at
E12.5 compared to E10.5—at least partially reflecting the fact
that E12.5 is near the peak in interneuron neurogenesis
(Figure 4E). Second, similar to the result obtained for the
Gad67 in situ hybridization profiles, removal of Nkx2-1 gene
function at E12.5 had less of an effect on the overall numbers
of EGFP-positive neocortical interneurons (Figure 4E). Third,
there was a dramatic increase in the absolute numbers of
EGFP+, VIP+ and EGFP+, CR+ interneurons in the neocortex in
Nkx2-1E12.5LOF animals (Figure 4E). Taken together, this sug-
gested that, when Nkx2-1 gene function is removed at E12.5,
large numbers of interneuron precursors normally destined to
develop into PV- and SST-expressing cortical interneurons un-
derwent a fate switch and instead adopted profiles typical of
Figure 2. Conditional Loss of Function of
Nkx2-1 at Early (E10.5) and Late (E12.5)
Time Points Is Accompanied by Changes
in Expression of Genes Involved in Interneu-
ron Development
The effects on gene expression of inducible loss of
Nkx2-1 function at E10.5 (A–C) and E12.5 (D) were
examined 2 days later using in situ hybridization of
coronal sections of E12.5 (A–C) and E14.5 (D)
embryos.
(A) Shh, Lhx6, and Lhx7, whose expression is de-
pendent on normal levels of Nkx2-1 in the MGE,
are downregulated in Nkx2-1E10.5LOF mice. These
are indicative of a reduction in the specification
of the interneuron and cholinergic neuron lineages.
(B) By contrast, Gad67 and Dlx2 are expressed at
apparently normal levels within the subpallium, re-
vealing that ventral GABAergic neuron develop-
ment does not appear to be affected by the condi-
tional loss of Nkx2-1 in Nkx2-1E10.5LOF mutant
mice. The histogram below this photomicrograph
demonstrates that the density of GAD65-positive
neurons is not significantly decreased in themutant
population compared to the wild-type controls.
(C) The expression of Nkx6-2, Gli1, and Coup-TFII,
whichnormally areexpressed inboth theventricular
zone of the sulcus separating the MGE and LGE as
well as inportionsof theCGE, is expanded through-
out most of the MGE ventricular zone in
Nkx2-1E10.5LOF mice. Similarly, Islet1, which is nor-
mally confined to the SVZ and postmitotic regions
of the LGE, expands such that it is also expressed
through the SVZ of the MGE of Nkx2-1E10.5LOF
mutants.
(D) Treatment of conditional Nkx2-1 mice with
tamoxifen at E12.5 effectively removes Nkx2-1
expression by E14.5. Expression of Shh, Lhx6, and Lhx7 is also reduced in Nkx2-1E12.5LOF mutant mice, suggesting that the loss of this gene at this age affects
both the character of GABAergic and cholinergic interneuron lineages.
Arrows in (A), (C), and (D) indicate the position of the MGE. Error bars in the histogram of (B) represent SEM.Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc. 725
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but not Nkx2-1E12.5LOF mice we observed a marked increase in
the number of EGFP-positive, DARPP-32-positive (Figures 4F–
4H) striatal MSNs. This would explain the loss of GABAergic
interneurons that we observed. This suggests that after E10.5 re-
moval of Nkx2-1 a large number of neurons normally destined to
adopt a cortical interneuron fate instead are reprogrammed to
become striatal medium spiny projection neurons (a population
normally derived from the LGE). In addition, we observed the vir-
tual absence of MGE-derived striatal interneuron populations
(Marin et al., 2000) in Nkx2-1E10.5LOF mice (data not shown).
This is consistent with recent findings suggesting that the post-
mitotic expression of Nkx2-1 is required for interneurons to in-
vade the striatum, possibly due to a requirement for this gene
in suppressing Npl2 expression (O. Marin, personal communica-
tion; see also No´brega-Pereira et al., 2008 [this issue ofNeuron]).
This suggests that the lossofNkx2-1 results inMGE-derived neu-
rons adopting characteristics normally restricted to neurons aris-
ing from non-Nkx2-1-expressing ventral regions (LGE and CGE).
The observed shift in the immunohistochemical profile of cor-
tical interneurons suggests an alteration in the subtypes gener-
ated. However, these markers are present within a variety of in-
terneuron subtypes and as such provide a relatively incomplete
description of the diversity encountered in the cerebral cortex.
To ascertain whether the physiological profile of the cortical in-
terneurons was altered as a result of the loss of Nkx2-1 gene
function, we did a comparative whole-cell patch-clamp electro-
physiological and morphological analysis of fate-mapped corti-
cal interneurons in Nkx2-1E10.5LOF and Nkx2-1E12.5LOF and com-
pared this to control littermates. Due to the recombination
kinetics of Z/EG and by focusing on the EGFP+ interneurons,
we effectively restricted our analysis to interneuron populations
Figure 3. Both the Presence of Myoclonic Seizure Activity and a Reduction of GABAergic Cortical Inhibition Are Observed in Nkx2-1E10.5LOF
Mutant Mice
(A–D) Electroencephalographic examination of freely moving Nkx2-1E10.5Ctrl control (A) and Nkx2-1E10.5LOF mutant P15 mice reveals abnormal interictal dis-
charges (B) during normal resting behavior. The initial period of a spontaneous seizure episode is characterized by the appearance of continuous single-spike
activity (C). As shown in this EEG trace recorded shortly after the onset of seizure, increases in frequency and amplitude occur withinminutes and progress (D) into
continuous spike and spike-wave rhythmic activity. This gradually returns to normal cortical activity at the end of the seizure episode.
(E and F) In situ hybridization on brains from electroencephalographic monitored mice shows that a correlation exists between the presence of seizure episodic
behavior and the reduction in the number of GABAergic neurons in the cortex. This reduction is duemainly to a loss ofMGE-derived interneurons characterized by
the expression of Lhx6.Nkx2-1E12.5LOFmutant mice display only a modest reduction of inhibitory profiles in the cortex when compared toNkx2-1E10.5LOFmutants
(F), insufficient to disrupt the normal cortical activity as indicated by the lack of seizure episodes in those mice.726 Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc.
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Interneuron Subtypes Is Altered in Both
Nkx2-1E10.5LOF and Nkx2-1E12.5LOF Mutant
Mice
(A–C) In comparison to littermate controls, (A) the
morphological and molecular profiles of cortical
interneurons are altered in Nkx2-1E10.5LOF
(B) and Nkx2-1E12.5LOF (C) mutant mice. In Nkx2-
1E10.5LOF mutants (B), the pronounced loss of
EGFP-expressing PV and Sst cells is accompa-
nied by an increase in the number of VIP- and
CR-expressing interneurons. Nkx2-1E12.5LOF mu-
tants (C) display the same shift toward VIP and
CR profiles in the superficial layers (layers II, III,
and IV) but not in the deeper layers (layers V
and VI) of cortex. Interestingly, in Nkx2-1E12.5LOF
mutants, the Sst population seems unaffected.
(D) In Nkx2-1E10.5LOF mutants, the shift in the
overall molecular profile of EGFP-labeled inter-
neurons is accompanied by a dramatic decrease
in their number. However, even taking into ac-
count the reduction in the absolute numbers of
genetically fate-mapped cortical interneurons,
there is a total net increase in the number of
EGFP-labeled VIP and CR cells. This suggests
that the loss of Nkx2-1 at this time point results
in a fate switch in many of the labeled MGE-de-
rived neurons. This alteration in interneuron sub-
type is even more apparent in Nkx2-1E12.5LOF mu-
tants. In these mice, there is a 5-fold and 2-fold
absolute increase in the numbers of EGFP-ex-
pressing VIP and CR cells, respectively. More-
over, in these same mice there is only a slight
overall decrease in the total number of cortical in-
terneurons.
(E–G) In Nkx2-1E10.5LOF mutants where a net loss
of fate-mapped (EGFP+) cells destined to cortical
regions is observed (E), there is a large increase
in the number of EGFP-expressing neurons with
morphologies consistent with them being striatal
medium spiny projection neurons (G). These cells
express DARPP-32 (F), supporting the notion that
Nkx2-1 is also required for the determination of
the interneuron versus medium spiny projection
neuron identity.
Error bars in the histograms of (B), (C), (E), and (H)
represent SEM. A single asterisk above the histo-
gram indicates p < 0.05, while two asterisks indi-
cate p < 0.01, as evaluated by a Student’s t test.that exited the VZ shortly after the loss of Nkx2-1 gene function
(Miyoshi et al., 2007). Furthermore, while the distribution of im-
munohistochemical subtypes remains relatively constant from
E10.5 to E12.5 in wild-type cortex (Figure 4), we know that the
physiological and morphological characteristics of EGFP+ la-
beled interneurons differ substantially between these two ages
(Miyoshi et al., 2007).
The profiles of the interneurons obtained from P13 to P21 in
whole-cell recordings of Nkx2-1E10.5Ctrl and Nkx2-1E12.5Ctrl
mice closely resembled those described in previously published
data (Miyoshi et al., 2007) (Figures 5A–5D): (1) fast-spiking inter-
neurons (Figure 5A) with basket cell morphologies were present
at both ages, consistent with the prolonged embryonic genera-
tion of this MGE-derived subclass; (2) temporal bias was mostapparent in the non-FS interneuron populations, with the later
age having increased numbers of NFS (Figure 5B) and dNFS in-
terneuron subtypes and a reduced number of intrinsic burst spik-
ing interneurons (IB; Figure 5C) with Martinotti morphologies
(Figure 5D). Removal of Nkx2-1 resulted in EGFP+ cells with pro-
files previously attributed to interneurons from the CGE-derived
interneuron progenitor pool (Butt et al., 2005). These included ini-
tial adapting interneurons (iAD) (Figure 5E), late-spiking
(Figure 5F) neurogliaform, as well as rapidly (rAD) and slowly
(sAD; Figure 5G) adapting bi- and tripolar interneurons
(Figure 5H). The effect of Nkx2-1 loss of function varied in accor-
dance with interneuron subtype. FS interneurons were the most
severely affected in both Nkx2-1E10.5LOF and Nkx2-1E12.5LOF an-
imals (Figures 5I and 5J), in line with the dramatic reduction ofNeuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc. 727
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Nkx2-1 at an Early (E10.5) and Later (E12.5)
Time Point Results in a Shift in the Electro-
physiological Profile of Fate-Mapped
EGFP+ Neocortical Interneurons
(A–C) Electrophysiological profiles and morpho-
logical reconstructions (D) of EGFP+ interneu-
rons obtained from whole-cell patch-clamp
recording performed on control (Nkx2-1C/+)
acute in vitro brain slices. (A) High-frequency
nonadapting discharge of a fast spiking (FS)
interneuron in response to a suprathreshold cur-
rent injection (+0.6 nA, 500 ms). (B) Non-fast-
spiking (NFS) interneuron displaying slow adap-
tation in spike frequency in response to spike
threshold current injection (+150 pA) superim-
posed on a trace exhibiting prominent voltage
sag but no rebound spike in response to a hy-
perpolarizing step (100 pA). (C) Intrinsic burst
spiking interneuron characterized by multiple
spikes on rebound (arrow) from hyperpolarizing
current step (30 pA) to 80 mV and adapting
spike frequency discharge at spike threshold
(+20 pA).
(D) Morphological reconstruction of the IB inter-
neurons shown in panel (C); axon, red; dendrite,
blue. (E–G) Recordings and morphology (H) of
EGFP+ interneurons recorded from conditional
loss-of-function animals (Nkx2-1C/).
(E) Initial adapting interneurons (iAD) exhibited
pronounced adaptation in spike height and fre-
quency when injected with suprathreshold cur-
rent step (+375 pA).
(F) Profile of a late spiking interneuron characterized by a steady ramp depolarization in response to near spike threshold current injection (+36 pA) and at
threshold (+40 pA) a significant delay to spike onset (arrow).
(G) Slowly adapting (sAD) interneurons, which were primarily defined on the basis that they showed adaptation in spike frequency and stopped firing prior
to the cessation of the 500 ms suprathreshold current injection (+120 pA; superimposed on 60 pA step) similar to rAD interneurons (Butt et al., 2005).
(H) Reconstructed morphology of the cells whose electrophysiological profile is shown in panel (G). Complete profile of interneurons recorded from E10.5
(I) and E12.5 (J) control (histogram bars; E10.5 n = 55, E12.5 n = 25) and conditional loss of function (E10.5 n = 55, E12.5 n = 31) juvenile animals (P13–
P21). FS, fast spiking interneuron; IB, intrinsic bursting interneuron; NFS, non-fast-spiking interneuron; dNFS, delayed non-fast-spiking interneuron; AD,
adapting interneurons including iAD, sAD, and rAD; bNA, burst nonadapting; LS, late spiking; IS, irregular spiking interneuron.PV-positive interneurons observed in the immunohistochemical
analysis (Figure 4). The SST-expressing populations of interneu-
rons, including IB, NFS, and dNFS subtypes, were also reduced
in number at both time points. By contrast, the effect on NFS in-
terneurons was most apparent in Nkx2-1E12.5LOF animals, con-
sistent with the observation that this is the peak time point for
the generation of this subtype (Miyoshi et al., 2007). Increased
numbers of adapting (iAD, rAD) and late-spiking interneuron sub-
types in Nkx2-1c/ animals were observed at both ages exam-
ined. These results demonstrate a continued requirement for
Nkx2-1 in progenitors for the generation of particular subclasses
of cortical interneurons with MGE character.
DISCUSSION
We find that, upon Nkx2-1 gene removal, MGE progenitors alter
their presumptive fate in a temporally regulated manner. Re-
moval of Nkx2-1 gene function early during neurogenesis results
in the ectopic production of striatal medium spiny projection
neurons and, to a lesser extent, CR- and VIP-expressing inter-
neurons (Butt et al., 2005; Xu et al., 2004). By contrast, later728 Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc.removal of Nkx2-1 results in near normal numbers of cortical in-
terneurons. However, many of the MGE-derived interneurons
within these mice adopt mature profiles normally consistent
with a CGE origin. These findings suggest that Nkx2-1 functions
as a temporally regulated molecular switch in the determination
of neuronal subclass identity.
Alteration in the Fate of MGE-Derived Neurons
after the Early Removal of Nkx2-1 Gene Function
The loss of Nkx2-1 gene function in Nkx2-1E10.5LOF mice favors
the production of striatal medium spiny neurons from MGE pro-
genitors. This is consistent with previous observations demon-
strating that in Nkx2-1/ mutants the remnant MGE takes on
an LGE character (Sussel et al., 1999). With regard to cortical in-
terneurons, in both Nkx2-1E9.5LOF and Nkx2-1E10.5LOF mice, we
observe over a 3-fold reduction in their numbers, strongly sug-
gesting that progenitors normally giving rise to these cells
instead become medium spiny neurons. Notably, the smaller
number of EGFP-expressing cortical interneurons still generated
within the MGE ofNkx2-1E9.5LOF orNkx2-1E10.5LOFmice are pref-
erentially reprogrammed to assume characteristics consistent
Neuron
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by the varying temporal output of the respecified region, with
early-born populations generating largely ventral projection
neurons and later-born cells yielding cortical interneurons. Our
fate-mapping scheme allows us to observe the acute effects
of gene removal on a temporally marked population, and as
such the increase in MSN is likely the predominant effect of
Nkx2-1 removal at this time point. Finally, in Nkx2-1E9.5LOF and
Nkx2-1E10.5LOF mice, we also observe a virtual absence of inter-
neuron populations within the striatum (data not shown). Recent
work has suggested that this phenotype is likely the result of the
loss of the postmitotic expression of Nkx2-1 in interneuron pop-
ulations normally destined to populate the striatum (O. Marin,
personal communication; see also No´brega-Pereira et al.,
2008; data not shown).
The findings extend previous work in two discrete ways. First,
as a result of overcoming the perinatal lethality observed in
straight Nkx2-1 mutants, we are able to study the mature pheno-
type of cortical interneurons lacking Nkx2-1 gene function.
Second, the previous study was unable to determine whether
the expansion of LGE in Nkx2-1 null mutants was cell autono-
mous. Our study allows us to follow the fate of MGE precursors
in Nkx2-1E9.5LOF or Nkx2-1E10.5LOF mice. As the initial EGFP-
expressing populations in both loss-of-function and control
animals is identical, the observation that they adopt different iden-
titiesprovidesstrongevidence for acell-autonomousmechanism.
E12.5 Removal of Nkx2-1 Gene Function Results
in Class Switching in the Cortical Interneuron
Subtypes Generated
The expansion of genetically fate-mapped cortical interneurons
with CGE character inNkx2-1E10.5LOFmice is several times larger
than could be explained by the small number of CGE cells la-
beled at this age using our Olig2CreER;Z/EG fate-mapping strat-
egy. However, the substantial decrease in the total numbers of
cortical interneurons observed in Nkx2-1E10.5LOF animals, cou-
pled with the large increase in the numbers of striatal medium
spiny neurons, complicates the interpretation of these findings.
In addition, the presence of dyskinesia and epilepsy in these an-
imals raises the possibility that neurological dysfunction is
impacting the normal development of the fate-mapped popula-
tions. Indeed, in humans, NKX2-1 haploinsufficiency is mani-
fested in hypotonia and dyskinesia (Breedveld et al., 2002; Krude
et al., 2002; Moeller et al., 2003; Pohlenz et al., 2002).
Removal of Nkx2-1 at E12.5 circumvents these difficulties.
These mice have no overt motor defects or seizure activity.
Moreover, they neither display the decrease in cortical interneu-
ron number nor the ectopic generation of MGE-derived medium
spiny striatal neurons observed in Nkx2-1E10.5LOF mice. Instead,
we observe an increase in the production of VIP/CR interneuron
subtypes that are typically derived from the CGE. This ectopic
population, like their wild-type counterparts, targets the superfi-
cial layers of the Nkx2-1E12.5LOF cortex. Importantly, these VIP/
CR interneurons appear to be ectopically generated roughly in
proportion to the loss of MGE-derived subtypes (fast-spiking,
PV-expressing basket cells and non-fast-spiking, SST-express-
ing, Martinotti neurons). By contrast, genetically fate-mapped
cortical interneurons within the deep layers of Nkx2-1E12.5LOFmice, based on their immunohistochemical profile, appear to
have no discernable alterations in their subtype identity.
One cause of this dichotomy may be that at this time point our
strategy fails to remove Nkx2-1 from cells destined to populate
deep layers of cortex. For instance, perhaps our approach results
in the mosaic removal ofNkx2-1 gene function. We think that this
is unlikely, as the Olig2CreER driver line maintains high levels of
Cre expression throughout theMGEat this age. Another possible
explanation is that Nkx2-1 expression prior to its removal is suf-
ficient to determine subtype identity in later-bornMGEprogenitor
populations fated for deep cortical layers. However, if this were
the case, why then are these subtypes lost in the superficial
layers of these same animals? One interpretation is that at mid-
neurogenesis (E12.5), Olig2 fate-mapped progenitors encom-
pass two pools—one that becomes immediately postmitotic
and resides in deeper layers and another that undergoes continu-
ing limited proliferation in the SVZ and will generate more super-
ficial interneuron populations. It would not be surprising in this
case if the later populationswould be disproportionately affected
by the removal of both the Nkx2-1 gene and protein products.
Alternatively, there may exist PV/SST populations that are
generated independently of a requirement for Nkx2-1. However,
recent work has demonstrated that the generation of both SST
and PV cortical interneuron populations requires Lhx6 gene
function (Liodis et al., 2007), and Lhx6 expression in turn appears
to be largely dependent on Nkx2-1 (Sussel et al., 1999; Du et al.,
2008). Moreover, virtually all SST and PV cortical interneurons
are derived from Lhx6-expressing lineages (Fogarty et al.,
2007). Consistent with this, we observe relatively normal levels
of Lhx6 expression in the deep cortical layers of Nkx2-1E12.5LOF
mice. Hence, for this hypothesis to be viable there must exist
a population of progenitors at E12.5 that expresses Lhx6 inde-
pendently of a requirement for Nkx2-1. One possibility is that
Nkx6-2, like Nkx2-1, can drive Lhx6 expression. Indeed, it has
been demonstrated that some SST-expressing interneurons
arise from the Nkx6-2-expressing progenitor domain within the
dorsal MGE (Fogarty et al., 2007; Wonders et al., 2008). Further-
more, given that the Nkx6-2 domain can generate, albeit in com-
paratively low numbers, a range of interneuron subtypes with
immunohistochemical profiles previously associated with the
CGE (Fogarty et al., 2007), the fate switch observed at E10.5
may be a transformation to dorsal MGE rather than CGE identity
(Butt et al., 2005; Xu et al., 2004). The precise shift in the regional
identity of MGE progenitors aside, these results suggest that
Nkx2-1 acts to temporally repress different genetic programs
within the MGE at different developmental time points.
Nkx2-1 Acts as a Molecular Switch that Favors MGE
Fates over LGE and CGE Character
Theobservation that lossofNkx2-1gene function results in theap-
parent trans-fating of presumptive fast-spiking, PV+, basket cell or
non-FS, SST+ cortical interneurons into either striatal medium
spiny projection neurons or CGE-derived CR+/VIP+ interneuronal
subtypes argues that this gene acts as a primary determinant of
MGE subtype identity. While in some ways the Lhx6 gene has
been argued to function in this capacity (Du et al., 2008; Liodis
et al., 2007),Nkx2-1 appears to act higher in the hierarchy govern-
ingventral cell fate.WhileSSTandPVneuronsare largelyabsent inNeuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc. 729
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Interestingly, the abnormality in radial migration seen in Lhx6 nulls
was not evident in our mutants, perhaps because a complete fate
transformation occurs. Hence, by adopting a CGE character, they
do not require Lhx6 for this aspect of their development.
An important issue to discern is whether the apparent trans-
fating of MGE-derived progenitors is a complete or partial respe-
cification. Determining the extent to which the loss of Nkx2-1
results in the production of bona fide medium spiny neurons or
interneurons of CGE character is dependent on the stringency
of our phenotypic analysis. The analysis of the cortical interneu-
rons included evaluation of the morphology, marker expression,
and intrinsic physiological character. Within the limits of this
analysis, we saw no indication that either of the mutant popula-
tions was distinguishable from the corresponding wild-type
LGE- or CGE-derived populations.
One interpretation of these results is that Nkx2-1 acts upon
pre-existing populations of LGE/CGE-derived precursors and be-
stows them with additional properties that allow them to assume
an MGE-derived identity. In this light, one might view the LGE/
CGEphenotypesasadevelopmental ‘‘ground-state,’’ an interpre-
tation that we do not favor. Rather, we believe that evolution has
selected distinct regulatory networks of gene expression for the
cell types derived from each of the three ganglionic eminences.
We believe that Nkx2-1 both activates MGE-specific differentia-
tion programs and represses the expression of genes that would
lead to either CGE- or LGE-specific neurons. Therefore, we be-
lieve Nkx2-1 functions as a genetic switch to simultaneously
induce MGE-specific patterns of gene expression, while concur-
rently repressing CGE/LGE-specific genetic programs. This
model is reminiscent of findings in the spinal cord where type
1 genes (i.e., repressed by hedgehog signaling) and type 2 genes
(i.e., induced by hedgehog signaling) act competitively in the
determination of ventral spinal cord cell types (Jessell, 2000). In-
deed, recent findings fromtheAnderson laboratoryargue thatmo-
saic removal of hedgehog signaling results in a phenotype similar
to our present findings (S. Anderson, personal communication).
While at present only a handful of the genes involved in either
MGE versus CGE/LGE programs are known, our data indicate
that the lossofNkx2-1gene function results inboth the expansion
and loss of particular genes. It is very likely that several other
genes, whose eminence-specific expression patterns are pres-
ently unknown, are also altered and play a role in the respecifica-
tion thatweobserve. In ourmutant analysis, we notedboth an ex-
pansion of CoupTFII and Nkx6-2, and the loss of Lhx6 and Lhx7
expression, regardless of the time at which the function of this
gene was removed. Our model therefore is consistent with the
idea that Nkx2-1 can simultaneously act as an inducer and a re-
pressor. Examination of the structure of the Nkx2-1 gene sug-
gests that it is well suited to such a role (Chen and Schwartz,
1995; De Felice et al., 1995; Harvey, 1996; Lints et al., 1993). At
theN-terminal endofNkx2-1 is a TNdomain that hasbeen shown
to be able to bind to Groucho, a known transcriptional corepres-
sor (Muhr et al., 2001). Anactivator domain hasbeenshown toex-
ist at theC-terminal endof this protein (ChenandSchwartz, 1995;
De Felice et al., 1995), regulated by the conserved SD motif that
functions to recruit transcriptional activators (Watada et al.,
2000). We therefore envision that within MGE precursors Nkx2-730 Neuron 59, 722–732, September 11, 2008 ª2008 Elsevier Inc.1 exists in two distinct forms, one in which it binds transcriptional
repressors that act to suppress the expression of CGE/LGE
genes, as well as a form that recruits activators capable of induc-
ing the transcriptional activation of MGE genes. We are currently
undertaking a structure-function analysis of Nkx2-1 to explore
whether this model is accurate.
Our experiments have explored the temporal requirement for
Nkx2-1 gene function. We find that loss of this gene during neuro-
genesis results in a temporally regulatedswitch in theclassof neu-
rons generated at different developmental time points. As such,
Nkx2-1 appears to play a critical role in the progressive specifica-
tionofsubpallial progenitors.Work in the retina (Cepkoetal., 1996)
and the cerebral cortex (Desai andMcConnell, 2000) hasprovided
evidence for progenitors attaining specific neuronal identities
through progressive restrictions in their identity. The present
work suggests thatNkx2-1 functions in the genetic hierarchy con-
trolling the fate of cortical interneurons by directing MGE-derived
progenitors to become predominantly either PV-expressing bas-
ket cell or SST-expressing Martinotti interneurons. Determination
of genes both activated and suppressed by Nkx2-1 should be in-
formative in providing insights into the molecular mechanism by
which interneurons of specific subclasses are generated.
EXPERIMENTAL PROCEDURES
Animal Methods and Genotyping
All mice used in these studies were maintained according to protocols
approved by the Institutional Animal Care and Use Committee of the
New York University School of Medicine. Triple-heterozygote male mice
(Nkx2-1+/ [Kimura et al., 1996]; Olig2CreER/+ [Takebayashi et al., 2002];
Z/EG+/ [Novak et al., 2000]) were intercrossed with Nkx2-1 conditional
homozygote females (Nkx2-1C/C) (Kusakabe et al., 2006) to generate experi-
mental control (Nkx2-1C/+; Olig2CreER/+; Z/EG+/) and mutant (Nkx2-1C/;
Olig2CreER/+; Z/EG+/) mice. Pregnant females were administered 4mg tamox-
ifen (Sigma, St. Louis, MO) (20 mg/ml dissolved in corn oil [Sigma]) at 12–2 pm
at either E9.5, E10.5, or E12.5 by gavaging with silicon-protected needles.
When pregnant mothers did not deliver pups by noon of E19.5, a cesarean
section was performed and pups were fostered. PCR genotyping of the
Nkx2-1, Nkx2-1C and Olig2CreER and alleles was performed using the follow-
ing sets of primers: Nkx2-1 -forward, TCGCCTTCTATCGCCTTCTTGAC
GAG; Nkx2-1 -reverse, TCTTGTAGCGGTGGTTCTGGA; Nkx2-1C -forward,
TGCCGTGTAAACACGAGGAC; Nkx2-1 -reverse, GACTCTCAAGCAAGTC
CATCC; Olig2CreER-forward, TCGAGAGCTTAGATCATCC; Olig2CreER-re-
verse, CACCGCCGCCCAGTTTGTCC; Olig2CreER mutant reverse, GGACA
GAAGCATTTTCCAGG. The Z/EG allele was genotyped by using primers spe-
cific to the enhanced green fluorescent protein (EGFP) or by using b-gal stain-
ing solution to an animal’s body part.
In Situ Hybridization
E12.5 and E14.5 embryos were dissected in cold phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde (PFA)/PBS solution overnight at
4C. Postnatal P15–P17 brains were fixed by transcardiac perfusion followed
by 4 hr to overnight postfixation with 4% PFA/PBS solution at 4C. Embryos
and brain tissue was rinsed with PBS and cryoprotected using 30%sucrose/
PBS solution overnight at 4C. Tissues were embedded in Tissue Tek, frozen
on dry ice, and sectioned at 12 mm. Section in situ hybridizations were per-
formed as previously described (Hanashima et al., 2002), using nonradioactive
DIG-labeled probes. The cDNA probes used included Nkx2-1, Nkx6-2, Dlx2,
Gad67, Lhx6, Lhx7, Shh, Gli1, CoupTF-II, Islet1, Cre, and Olig2.
Immunohistochemistry
E12.5 embryos were dissected in cold phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde (PFA)/PBS solution for 40 min at 4C. Postnatal
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ation with 4% PFA/PBS solution at 4C. Embryos and brain tissue were rinsed
with PBS and cryoprotected using 30% sucrose/PBS solution overnight at
4C. Tissues were embedded in Tissue Tek, frozen on dry ice, and sectioned
at 12 mm (for molecular expression profile analysis) and 50 mm (for cell imag-
ing). Sections for immunohistochemistry analysis were processed using 3%
normal goat serum/0.1% Triton X-100 in all procedures except washing steps,
where only PBS was used. Sections were blocked for 30 min, followed by in-
cubation with the primary antibodies overnight at 4C. After one wash with
PBS, secondary antibodies (Molecular Probes) were applied for 60 min at
room temperature. Nuclear counterstaining was performed with 100 ng/ml
40,6-diamidino-2-phenylindole (DAPI) solution in PBS for 15 min. The following
antibodies were used in distinct combinations: rabbit anti-GFP (1:1000; Mo-
lecular Probes), rat anti-GFP (1:1000; Nacalai Tesque, Kyoto, Japan), mouse
anti-parvalbumin (1:1000; Sigma), rat anti-somatostatin (1:500; Chemicon, Te-
mecula, CA), rabbit anti-neuropeptide Y (1:500; Incstar, Stillwater, MN) mouse
anti-calretinin (1:1000; Chemicon), rabbit anti-VIP (1:300; Incstar), mouse anti-
Nkx2-1 (TTF-1) (1:200; Progen, Heidelberg, Germany), rabbit anti-Lhx6
(1:1000). Fluorescent images were captured using a cooled CCD camera
(Princeton Scientific Instruments, Trenton, NJ) or a Zeiss LSM 510 META la-
ser-scanning microscope (Carl Zeiss MicroImaging, Inc.).
Electrocorticographic Recordings
Postnatal day P13 mice were anesthetized with a ketamine and xylazine (KX)
mixture and stainless-steel electrodes (Pinnacle Part #8209 &8212; Pinnacle
Technology Inc., Lawrence, KS) were positioned in a miniature headmount
(Pinnacle Part #8201) placed on the skull and were implanted bilaterally into
the neocortex. After 2 days of recovery, digital EEG recordings of awake, freely
moving mice were obtained during a 5 hr period taken at P15 and P16 using
a Model 4100 USB DACS (Pinnacle Technology Inc., Lawrence, KS).
Acute In Vitro Cortical Slice Electrophysiology
Whole-cell patch-clamp electrophysiology recordings were performed on
EGFP+ cells in acute in vitro slices from control (Nkx2-1c/+) and conditional
loss of function Nkx2-1 (Nkx2-1c/) animals (age: postnatal day [P]13–P21)
similar to that previously published (Butt et al., 2005; Miyoshi et al., 2007).
The majority of interneurons recorded were located in the primary somatosen-
sory neocortex or more medial cortices.
SUPPLEMENTAL DATA
The Supplemental Data include two movies and can be found with this article
online at http://www.neuron.org/cgi/content/full/59/5/722/DC1/.
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